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ABSTRACT

Ihe current statue of two-d* ional chemical laaer modeling

●t h tis la reviewed, with qhaeis on nmerical methods for

coupltng the radiation field to the fluid dynamica eo that laaer

~ ~ be calculated. The primary computational model is

e9bodied in a tw-dlmenaional ttiependent computer code called

RICE-MD. The RICE-BAD code we devaloped by incorporating radtition

ad king into the baaic EKE code for tranaient coqreasiblo

multicqent reactive fluid flow. A steady-state aolutlon ia generated

aa the eaymptotic Mt of ● ~ependent calculation in which the

radiative t- scale is artffically”lagthened to make it comparable to the

fluid _&al and ch~cal time sake. This procedure generatee a fully

converged simultaneo~ solution to the coupled steady-state ration

intensity and fluid dynamics equationa. Threshold, J-shifting, and

cutoff are fully and automatically accounted for without the necessity

of spatial logic and teeting. Exanple aoluticna are presented to illus-

trate the applkation of the code to several existing and propuced

che91cal laaer eystem9. Hnnlly, an alternate approximate mthod ia

described for estimating laaar pcwer baaed on nonlaeiug (small-signal)

vibrational dietributiona aa input.
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nmumlc’rml “

For the paat several years, Croup

Scientific IAoratory baa been engaged

deling for the Mr Force !@pone

we r~- the current state of our

T-3 of the Los Al&os

in ~ional Che,ical

Mboratory. In the present

Caputational tiel and

pr~t the reeulta of several calculation that have been perfoti

- the hat year or ao. We alao present ● new ~lified

Mtbod for estkting CU laser power based on nonlaaing vibra-

tional distribution .

ISM fluid dymaicd part of

in the RICE code 11-3]* EKE la

our computational

an Euler- fiaite-difference c~utu

code for calculating ~dimnsional, ttie-dependent, ccqmeasible fluid

flw. Tha code aolvee tba c~lete Nmtier+tokea equationa and, -a,

●utomatically represents such featttreeae transverse preemre gradimta

and recirculatia ragiorm. A steady-state solution im generatd as the

asymptotic ltit of ● t~~mt ~l~ti~. Ln addition

t~ planar flow, ● va.rhbl~a.r,eacapability is included that allow the

quaei-tvo-d~ional repraentatica of fl- between platea of vartilc

epacing. ~l~ndrical gumetry la ● special cane of this variable-aren

capability. RI= ,1s● fiticaponant code that Includes the

effects of mdticmponent diffusion and chemical reactiona batween cq-



-3

manta (opecies). The n~er of apeciea and chedcal reactiona la

arbitrary within the limits Impaed by ~uter t- and storage

constrdnts. RICE utilizes the-ICE w cical technique

[4-6] for performing efficiant fluid dybca calculations at all

Mach ntiers. Traditional explicit ~thods are inefficient at lcw

Mmch n-ers became of the &mrant ●msnd-speed timeetep stability ‘

r-triction. The ICE rnthod avoids this restriction by adopting a

partially implicit formation.

Tlm basic RICE code doee not Inclde the effects of radiation

and hence is limited to calculations of nonlasing (small signal)

behavior. However, many of the questions that arise in connection

with chemical lasers are essentially fluid-dynamical in nature, and

the RICE code allows such questions to be addressed wlth”a precision

mt poeeible in most other coden. For several years our work was

exclusively concerned vith qusstione of this kind. Nevertheless, it

“ia &airabl@ ●lso to have the capability to estimate laser power out-

put. For this purpose, an optics model was devised and incorporated

into Rim. The resulting code,-RICE-BAD,allows one to perform

co@lete CU laser power calculations, with the radiation field fully

coupled to the fluid dynamics in a self-consistent fashion.

~ RICE-TAD OPTICS MODEL

The RICE-MD optics model is baaed upon the radiation-transport-

theory description summarized by Fmnuel [7]. The principal Assumptions

are (1) the la.eingcayity is taken to be a Fabry-Perot resonator;

Q) ● Doppler line-shape la assmed, with hole burning neglected,

●nd laaing is aacmed to occur ●t line center; (3)rotational equilib-



intensit ka ●re neglected.

and (3) together imply that

can lase at one tk. This

Aa Iowd.la [7],

ally 8 8i.n@e line in

limalw8yaocatra i, tha ?-bradt.

In order to Incorporate rdlation into the RICE coda, w UInG

modiflcatiau uere ~. Pirat, the appropriate radi8tive tam

to be added to the laa~ apeciu ccmtinuity equatione and to the internal

arargy equatlom. * t- introduce the radiation Intensities \

into tb equatl’m ay8ta. ~, equations for the I~tdtobt added

to

of

determine W ddit~ variables.

Becauae RI= is ● trmM.ent c@e, it is natural to uae the tr=neiant Form

the r~tion tranaport ~uation, averaged wer the transverse direction.

However, the radiative t- sca~e is very slmrt ~8Wf to the fluid dynamical

and chemical time ●e~les, a circmatance which would ordinarily require that

very small tbestepe be taken. To avoid the Inefficiency this would entail,

we artificiallylengthen the radiative time scale to make it comparable

to the fluid dynamical and chemical t- acalea. This is permissible

because the coefficient that cjeterdnea the radiative time scale drope

out of the equations in steady state, and can therefore be arbitrarily

adjusted without altering the steady state solution:- With this mod-

ification, the fluid dynamica and

time scale and can ‘be●fficiently

The resulting equation for the Iv

ra3iatian equatione evolvl on the mm

marched out to steady stata tog8thor.

10

aI
4 - av(Tv-G)Iv,
at (1)
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tiera Iv b the radiation intensity in tibrationel band”(v+l+ v),

Tv

the

the

is tic correspondinggain for one paaa throu~ the

mirror 10SO coefficient, and av is the coeff iciemt

artificial radtitive time ocale. According to our

ey6teB, G 10

that spedfiee

prtadoue ‘
● ✎

eas~tlone, ●ll the Imtensity Iv la present in ● simgle traneitiou,

-Y the transition which maximizes TV. This transition is Conven- “
.

tion@ly denoted by (V + 1, J: -1) + (v,J:), and

the rotational quantum umber J:. “

8olving the tranaient ~. (1) for the Iv has

is identified by

several advantages.

BY bpecti~, it is seen that in steady state either Tv = G

(the usual gain-equals-loss condition) or Iv = O (the band in question

is mt lacing). The each vibrational band is allowed to leee indepen-

dently of the others, at its own value of J:. Threshold and cutoff are

fully and automatically accounted for WIthout the necessity of special

testing and coding logic.
.

Since Eq. (1) involves no spatial derivatives, a simple time-centered

nmericel schem is used for its solution. The coefficient av is

constrained by stability and by the requirement that the \ change

only sli8htly from one time cycle to the naxt. This latter requirement has

the effect of making the radiative and fluid dynamical time scales approx-

uttely the seine,.becauee the’tlmeatep itself la chosen to prevent the fltid

dynamical variables frm changing too much over one cycle.

TIM above discussion is necessarily very brief and is intended only

to convey the flavor and essential ideas of the RICE-MD optics model. A

detailed description of the model is available in Ref. [8]. We now proceed

to show ●cme of tha resultaiobtained in calculations using the RICE-RAD code.

.
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Our first full-e.tale

of “CMl run EM-1989 [9].

The region of computation

half-nozzles. The nozzle

conditions are assmed to

.

RICE-IUD laaing calculation is ● Simulation”

The g~try ie ehwn SCbtically in H.& 1.

is the re@on dmmatreu of a typical pair of

bank ia ~ of 125 ●ch paira. Similiar

obtain ~ra of each pair, so that tha

lateral boundaries (extended nozzle ~t~~) are ~try ptinea.

Five DF vibrational 1{rele were incl~ed In the calcuhtion (T = O to 4).

~emical reaction rate coefficients ~re tti fm (khan’s DF c~ilatl.on [10].

Initially 56 reactions were included in an effort to mdel the Important

deactivation reactions. DF-DF V-V transfer was included, but vibrational

levels of D2 were not represented and hence DF-D2 V-V trauefer reactims

were not included. We later reran the c:alculatiomwith.the ntier of

reactions reduced to 16, omitting most of the backward reactions and all tk

DF-DF V-V transfer reactions; the results were eaeefitiallywnc.hanged.

Nozzle exit plane boundary conditions for the calculation were

obtained from M. C. Cline of our group, who perfczmed the necessary vin=ous

nozzle calculations using his VNAP code [11]. (CMne’s VNAP code is

unrelated to the TRW VNAP code.) The nozzle

include chemistry, and mass fractions of the

nozzle exit plane were taken to be uniform.

at the nozzle walls was ne.glect=~.

Figure 2 shows the vdoclty vector plot

o<x<oo45~. The scale is such that the

calculntious did no:

various species at the

Thus F-atom recombination

.

for the region

largest velocity in the
.

5
region is about 2.5 x 10 cm/s. Since the CL-V nozzles are

uniformly flared, the velocity in the nozzle exit plane has a transverse
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caapmwnt. The transverse ~tu density in the fluorine streau i..e

aidarably larger than that in the deuteri- stream, so that the

deuteritm la compressed by tk expanding fluorine stream.

0<

sure

Figure3 shws the pressure contour plot in the same region, ‘

x c 0.45 a. Note the presence of substenti.altransverse pres-

gradients in this region, even though the nozzle exit pressures

are matched to within a few percent.

The pressure contour plot for the region 3.05 cm< x < 4.55 =

In Sholinin Fig. 4. Here the pressure variations are much weaker in

magnitude . The most not~worthy f ee”ture of the plot, however, is that

tk pre%mre “contoursform a regularpattern of alternating high a.ldlow

pressure islands. ~s pattern is ~tonatic of the reflections of ~ch

waves at the top end bottom s-try boundaries. By Inspection,

the wavel~th for this pattern is about 1 cm, whkh correlates

very closely with the-wavelength one wuld predict on the basis of

the Mach angle end the height of the region. These Mach waves -

have en interesting effect on the laser power profile, as will be seen

shortly.

Figure 5 showstramverse profiles of the molar densities of D2~

?, and total DF at x M 4.0 cm. Rom this plot it is clear that the

system is very D2 rich. The small area of overlap of the D2 and F

streams in emparison with the DF area shows that the production of

DF is primarily mixing limited rather than chemistry MmIted.



a wble should be relatively

imawmltlve to

to the pump-

Zelazmy et al.

the -erall

frutlome).

[l?].

cold ruction rate coefficient (but not

Ibis imsemsitivity has been confirmed by

.

Fagure 6 showstramverse profilu of the DF vibrational levels at

x = 410 cm. The profiles hmve maxiM im the mixing layer, where the.

DF Iu -being produced, md their relative peak values reflect a typical

partial inversion In the presence of lasing.

The POW- profile for the calculatim Is shown in Figure 7. ‘fhe

quanti~ plotted IS the parer per unit length, the integral of uhich

gives the total power. Ihe most noteworthy featur- “f the curve are

the sharp peaks. Imapactiom OIKJWSthat the peak occur in groups of two

with a epacimgof about

corrclutad with, and in

Wherever the Mach wave

1 cm be~een adjscent groups. fieae peaks are

fact caused by, the Hach waves mentioned earlier.

intersects the mlxi.nglayer, the rate of production

of DF is locally enhanced due to the associated compression ad heating.

The intersection occurs twice per wavelength, which is why the peaks occur in

groupe of two. The spacing between the two peaks in a group is smewhat

different from half the wavelength because the mixing layer is not exactly

centered between the spmetry boundaries. Because it involves oblique

shock waves and transverse pressure gradients In an essential way, this

effect cannot be described in the boundary layer approximation. Exper-

imentally,these power peaks are not observed because the use of a hemispherical

mirror has the effect of averaging the power profile over x. Eowever, the

Mach waves are still present, thereby enhancing the local DF production and

the total power.

.
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In the presentcalculation,the calculated total p-er is higher

than the experimental value by

this discrepancy is due to the

acopic constant m xe ● to zero.

power would hava been ●bout 13

approximatelya factorof two. Part of

f●ct thatwe inadvertently aet the epectro-

If this error had not been made the calculated

Ml, which is still too high. H-ever, this

agreement is considered satisfactory in view of the omieaion of a number of

potentially important effects from the calculation. Among the moat

xrtant of theseare (1)F-atm wall recombination;(4) DF-D2 V-V tranafer;

d (3) rotational nonequilibritm. Other uncertainties include (1) the

effect of the hemispherical mirror; (2) three-dimensional effects associated

tith the shroud expansion ad boundary lnyers; and (3) uncertainties in

d:lfusion coefficients ad reaction rate coefficients, in particular the
.

*81~ of titiquantm deactivationin terms of effective

deactivationrates.

me bade CI# .cdculationjust described was rerun in

single-quantum

cylindrical

coordinatesto simulate ● hypothetical GV cylindrical laser. The

dlmeter of the qlindrlcal nozzle bank was taken to be 46 cm. The

equivalent shred expansion half-angle for the one-inch-high CL-V

nozzle bank IS 3° (neglecting shroud boundary layers). In spite of

this mall ungle,relativelylarge effects were observed. The pressure

on the line 7 = 0.119 a la plotted vs. x for both the rectangular and

cylindrical cases in Fig. 8. The cylindrical expa&ton provides

considerable pressure relief; at x = 8 cm the pressure in the cylindrical caae

la only about 14 torr”and is rising very alouly, while in the rectangular

case, the pressure la about 25 torr and IS climbing at a rate of about 2 torr/cm.

A“similareffect is seen in Fig. 9, which shows the maximum temperature



on a line of constant x versuex

temperatureis considerably less

x . 8 ~) due to the

●re c~ared in Fig.

mea flm rate as in

expansion.

for the tw came. TM cylindrical

than the rectangular(byal=st 90”K at

Finally, the power profiles for the two caes

10. The cylindrical profile la normalized to the saw

the rectangular case, end Wexe was again set eqbl to

zero to facilitate the caparieono lhc two parer pzofiles are essentially

identical out to about 3 cm, but begin to differ notic~~bly thereafter.

Cutoff occurs considerably fartherdwnetream in the cylindrical case, and

the total power IS abmt 332 higher than in the rectangular case.

We ~ describe briefly a chain reaction laser calculation performed

using RIcE-MD. The calculation w& perfo-d for HP lasing using the

Rocketdyne b&eline nozzle array. The fluorine dissociation fraction was

a = 0.1 and the diluept ratio was 8 =60. The diluent waa helim and was

present only in the fluorine nozzle. The large value of B was necessary

to prevent choking. The first seven vibrational levels of HF were considered

(V = O to 6)0 Vibrational levels of H2 were not included. Both hot and

cold reactions were included, and the chemical reaction rate coefficients

were obtained primarily from &hents latest KF compilation [14]. However,

the inverse wld reaction ratea for v a 3 were increased in an attempt to

allow for the large removal rate of HF(3) by E atoms observed by Bott and

Ileidner[15]. A total of 29 chemical reactions was included in the

calculation.

Figure 11 shows the maximum temperature on a line of constant x

plotted versus x. The maximum temperature starts out high because of

VISCOUS heating at the nozzle walls, falls off sharply to a low value

of about 220°K which persists down
,..’.

to about x - 25 cm, snd then begins
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to rise rapidly as the chain reaction finally begins to

profile for the calculation is shown in Fig. 12. There

the high-temperature region near the nozzle exit plane,

‘take offmm The power

is a peak in

but the power

falls off sharply, and then more gradually, to a minimum at about x = “23cm..

Y!hapower then begins to increase with x, in a nearly linear fashion,

as the chain ~eaction proceeds. The calculation was arbitrarily terminated

●t x = 50 cm, on the ground that it is probably not reasonable to contemplate

using larger mirrors than that. The specific power out to this point is

u= 46.1 ~/lbO Huwever, the power profile is still increasing at this

point, and if the calculation were continued farther do~mstream it appears

that considerable additional power would be obtained. In fact,
.

only 17% of the incoming fluoiine has reacted by x - 50 cm. If the same

basic fhorixw efficiency could be maintained unti;,all the fluorine h

gome, ● specific powsr of about 170 kJ/lb would result. M course, to

●chieve this result in a practical configuration, it would aleo be neceseary

to vary the flow conditions in a way that would considerably shorten the

laalngzone without seriously altering the efficiency.

ALTERM7’E OPTICS MODEL

Ma now describe an approximate alternative method for estimating

laser powerbased on non-lasing (emall-signal)vibrational distributions

as input. 7tda method is a further refinement of the ~pproximate

St-y-state lasin8 prescription described in Section 4 of Reference [8].

The new method differs from the earlier one in the way in which the power

to calculated once the lasinR population

newpower calculation ie less exact than

•~lar and easier to implement.

densitigs have been obtained. The

the earlier one, but it is much
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~ere are several reaeonawhy an approximate method -of this kind is

of Iqterest. If a steady-state calculation without laaing has already

been performed, one would like to be able to eatkte the comeaponding laaer

power simply and quickly without performing anothercmplete steady-etate

calculaticu with lasing. ~e prbaent rnthod providea ● meana of doing

00. Aw,kher mtlvation for conaldering euch an app~te method la

that the basic RICE-RAD method already described ~ not wrk well ●t

high preesurea (p ~ 0.3 atm). Iho system of cOt@ed radiation intensity

ad lasing species equations ●ppeare to ~ ve~ stiff and convergence

difficulties are experienced. IIM qprominto ~bd avoids tde difficulty

by reformulating the probl- ao that tb &tcrmination of the king

Species populationa ie ~~ ~lod fra tbe daterminatimof.

the radiation Intensities.

The approximate rnthod for atfntlmg ~

fact that the baaic fluid ~cal ~lea

laser-r depends upon the

●ra essentially the same

whether the syet~ i. las~ or mt.

because when tha system is laalng tho

would othemlse be releaeed aa heat.

mall, becauae typical chazical laaer

This may ●t first appear surprising,

radiation field removes energy which

However, thie ●ffeet is relatively

●fficienciae ●re on the order of 10X

or lese. Thus even when the system is Iasing, mu@17 902 of do ~

energy is still released as heat, and the difference in taperature batwean

the lacing and non-laaing cases is consequently small. One ●ight ~rry that

even a small temperature difference could produce ● larga ●ffect

because of the very strong temperature-dependenceof thm chaical

reaction rate coefficient. Thie potential affect b larg~ly

ameliorated by the fact that the diffueion-type laaers of interest
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bere ●re primarily mixing-limitedratherthan=try limited.

Thus the primary ●ffect of lasiag ia terediatribute the lacing

speciaa vibrational populations, and the ●ffect of lasing on the

primary fluid dynamical variables may be neglected to a first appro~

IDetion.

Another simplification that the approximate

that the vibrational populations in the presence

.

method utilizes is

of laaing are only

weakly dependent on the actual values of the radiation intensities.

It is this fact which allowsthe determinationof the laaingspecies

distributionto be uncoupledfrom the determinationof the radiation

intensitiesand pwer. The laaingspeciespopulations●re determined

by the gain-equals-losscondition,togetherwith a maeonable eaew-tiom

about the distribution of the totalgain in the tranaverm direction.

The resultingexpreabionfor the vibrational populations in the presence

of laaing is givenby Eq. (50)of Ref. [8]. This expressionis a

gmeralisationof one givenby Emanuel and Whittier [16]. The equation

(2)

is meet easilydiscussedin the closed-catity limit, in which it takes

the particularly simple form
.

#Ml
z

0; ,
l-BW ~

where p: is the nonlaaing partial density of level v, Pv Is the partial

density of level v when the system is lasi~, NV is the total

number of vibrational levels being considered (including the ground

state), and

(3)
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where Or is the characteristicrotationaltemperatureof the lasing

species, T is the absolute temperature, and J* 16 the value of the

rotatioml qu-ttm ntmber for which the maximm gain occurs. In

contrast to themmore exact RICE-MD method, a single value of J* IS

-ed here for all vibrational bands. Since J* depends on the pv, B

IS an implicit function of the Pv and qs. (2) and (3)wt be solved
.

sim@taneously for the PV. TMS IS conveniently done by iteration. F’irst

J* IS evaluated from the p: to dete&ine a first guess for B. This B

then detemines a firet guess for the Pv from Eqo (2)= fiese Pv th-

determine a new J* and hence a second guess for B, and so on. This

procedure converges rapidly, with 10 to 20 iterationa typically being

sufficient. However, special care must be taken at high pressures

because of the sensitivity previously

worb well is to initialize J* to its

start of the calculation, allow it to

mentioned. A procedure which

minim- possible value (OUM) at the

increase at a rate of at moat

one per iteration, and not allow it to decrease. In this way J* approaches

its final value gradually from belcw. This procedure also prevents the

cyclic behavior alluded to in Sect. 4 of tif. [8], which sometimem

*
caused J to alternate between two adjacent values even in low-pressure

problems.

Since we are concerned ‘witha two-dimensional description, tha Pv

are functions of both the longitudinal distance x and the tranaveree

dietancey. Theymust be determined by ● localapplicationof the

preceding formulas

ie a function of x

at each point (x,y) in the

alone, but a functionnn of

laal~ cavity. J*, however,

the y-dependence of the



Ihe procedure describedabovefor determiningthe“laaingspecies

pop.plationePv from &e p: is the same aa that described

of M. [8]. Mwever, the laaer power IS now calculated

In ● newand Oimplimway. Actually two new approximate

in Sect. 4

from the pv

power fomd.aa

bme been developed. l!hedmpleet end leaataccurate

UW1/v-l \

‘(x) +& (~ ~,)[P:(.)*v(.)l:(.)A(.)D

where P(x) la the integratedpomr fr~ the nozsle

to the downetre- point x, !4 la Awogadroco ntdmr,

formula is

exitplane (-0)

h is Plane.kss

conetant, M ia the Bolecular vetght of the lasing apeclea, Vv

1s the spectralfrequencyof the transition (v+l,J*-1)+ (v,J*),

u(x) ia the velocl~; and A(x) IS the variable area function. Em

(4)

simplicity,Eq. (4)and the followingequationaare writtenin olle-

diaenaionalvariable-areafore,but the generalizationto two

dimenaiona la straightforwardand it is the mo-dimensionalformulation

thatwe actuallyuse. Equation(4) haa a simple intuitive interpretation:

it attributes the laser pcwer in the region upsteam of x to the difference

between the vibrational energy per unit time leaving the system in the

nonlasing case (which l.nvolveethe p:) and thatin the lasingc-e (which

involves the Ov). The main error in this assumption is that it
...

implicitly neglqcte the difference in deactivation ratea between the lasln8
. .

●nd nonlaaing caae~. In reality, however, the deactivation ratea are

leas in the lasing caae (because the population of the hi8her levda

are leas) and Eq. (4) therefore underestimates the power.
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A better formula, vhlcb accounte for the differences in

deactivation ratea between the le.alngand non-heins caeee, ie tha

following:

P(x) - PI(X) + r2(x) ,

NV-l v-1

PI(X) “ * x(x )VI [Bv(x) - PV(X) ]u(x)A(x).

Wl k-o

NV-l

J

x
P2(X)“ - +’

x
v dX’A(X’)Pv(x’)Sv(x’),v-1

V=l o

(5)

.

(6)

(7)

where the 6V are nonl.ulng population denaitieein the absencoof

deactivation, related

@v - P“
z

P; ,“

f

to tlm -* fracthne pv by

(8)

#n.dSv la the spacif~c d~ctivation rate of level v, given by

(9)

wbre the sum is over all deactivating specied a and k: la tha raaction

rate coefficient for deactivation of level v by apeciee a. m ●-a

expreesiona assume that only single-quantm deactivation is occurring.

Tlmae equationa also have ● simple intuitive interpretation. The fht

tam, PI(X), is of

TINJePI(x) has the

the same form ae ~. (4)with p: replaced by ~v.

interpretationof the laser power in tho -b

upstream of x if there wera MO deactivation whatever. This
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overeatimatu the actual lacer power. To correct for deactivation

one must add the second contribution P2(x), which 1s seem to be

negative. lhis term represents the rate of conversion of vibrational.energy

to

la

heat due to deactivation in the region upstrcum of x when the systea
●

laaing.

By c0mei30ring the ~ing continuity equations for the pv in the
.

presence and in the ●baence of deactivation, one can reexpress Sv(x) in

the folloutig mma convemi~t form:

Sv(x)- -
1

p:(x)A(x)

which expreaaea Sv(x) in

eliminating the qlicit

Eqs. (5), (6), (7),(8),

tsing only tha nonlaaing

(lo)

*O

tam of the * quantitiesp: and Pv,

depewlence on the rate coefficientsk;. The

and (10) enabla one to eatlmate the laaer

population densities P: ●s input, ~thout

specific forma for the k;. These equations can therefore ●lso be

to process experimental nonlasing data, provided that ~ the p:

pwer

alwwming

wed

(including the ground state) are measured. Although these equations

●re strictly applicable only when multiquantum deactivation is absento

ve expact that they will etill provida a useful approximation

uhenevar it is possible to represent mdtiquantum deactivation in terms

of ●ffective ●inglequantum deactivation ratec.

Ae previously remarkd, the procedure by wh.lchthe laaing populations

pv ●re computed fra

that ●ll vibrational

thQ ~Q population. P: in thic method acsumes

banda ●re sbultanwuoly lasing. Threshold ●nd cut-

.
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off are thereforenot specifi@U a~ for ~ * ‘o~tbn” ‘y

for& a transition to

● ~tive contribution

-In to overahadm the

lase whoee gaim IS blow threshold,one obtains

to tb totalPm@r. Uham thesenegativecontributions

positivecomtributioms~p(x)“till~E@ to decraaae

with lmcraaa~ x. A maaonable guide to laefng

poimt at which */ti firstbecomesnegative,amd

~tit with the toml laserpower.

cutoffis to locate

to identifyP(x) at

the

thie

It should be emphasized that the improved approxisuatepower fomula,

tiiad in MS. (5), (6), (7), (8), and (10)9 iS restricted

h its present form

fractionapv can be

formula of Eq. (4),

reactionlasers.

to cold reaction lasers, where the pumping

unambiguously defined. The simpler approximate

however, can be applied equally well to chain

lhe metkod just described has eo far receivedonly a limited

amountof proof-testing.We have appliedit to the qegion

OCX<O.375 cmof CL-VH.B5-1989,ua~g the more axactRICE-MD

calculationaa a standardof comparison.The simplaatformula,

Eq. (4)above,yieldeda totalpower for this resion 7%below the RxcE-

RAD value. The improved formula embodiedin Eqs. (5), (6),(7), (8),and

(10) reduced the discrepancyto about 2X. This ~reement is not

surprising in view of the fact that all bamda ●= simultaneously

laslng and multiquanttm deactivationi- absentfithie particular

problem. We have not yet tastedthe Dsthod over the full lasi~

up to and including cutoff. W. hope to presenta more detailed
●

.

test

cavity ,

derivation of the method

In a futurepublication.

together with more datailedtest calculations
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Fig. 2. vdocity vectorplot for CL-V
to x= O*45CM*

HB5-1989,X= O
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Fig. 3. Pressure contours for CL-V HB5-1989, x = O to x = 0.45 cm.
Maximum and miniriumpressures in this interval are 23.2
torr and 5.73 torr, respectively. The H contour line is

21.4 to~r and the L contour line
ference between adjacent contour

is 7.47 torr. The dif-
lines is 1.75 torr.



;s$. 4. Pressurecontoursfor -V EM-1989, x = 3.05 & to x = 4.55 cm..
Hax~ and minimtMpressuresitithisinterwalare 19.5 torr
and 15.3 torr,respectively.The SIcontourline is 19.1 torr
d the L contourline is 15.7 torr. The difference between “
adjacent contour lines is 0.423 torr.

.
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